C[adherins]{.smallcaps} are a family of transmembrane glycoproteins that mediate calcium-dependent cell--cell adhesion ([@B1], [@B15], [@B55]). These adhesion receptors are expressed by virtually all cell types that form solid tissues. Cadherins are organized in junctional structures called adherens junctions. In these junctions, cadherins are clustered and connected through their cytoplasmic domain with a complex network of cytoskeletal proteins ([@B23], [@B26], [@B28], [@B44]). Cadherins are important in regulating morphogenesis ([@B15], [@B22], [@B47], [@B55]). Through their homophilic interactions, they play a role in sorting cells of different lineages during embryogenesis, establishing cell polarity, and maintaining tissue morphology and cell differentiation. Classical cadherins share a common basic structure consisting of an extracellular domain, which contains four major repeats, a transmembrane and a cytoplasmic domain. The short cytoplasmic region directly binds to three homologous proteins that belong to the "armadillo" family (β-catenin, plakoglobin, and p120). β-catenin and plakoglobin bind α-catenin, which is homologous to vinculin and mediates the binding of the cadherin--catenin complex to the actin cytoskeleton.

Comparison of different cadherin sequences shows strong homology at the amino acid level ([@B26], [@B55]). Conservation is particularly striking in the cytoplasmic tail where the catenin-binding region is located.

Cadherins present a certain degree of cell type specificity, for instance epithelial (E)-cadherin is preferentially expressed in cells of epithelial origin ([@B53], [@B54]), and neural (N)-cadherin^1^ in cells of the nervous tissue ([@B17], [@B18]), vascular smooth muscle cells, and myocytes ([@B8], [@B19], [@B45], [@B60]). More than one cadherin may be expressed in the same cell type, but how these molecules interact with each other and how they can contribute to the transfer of specific intracellular signals is still unknown.

The two major cadherins in the endothelium are vascular endothelial (VE)- and N-cadherin ([@B10], [@B32], [@B49]). VE-cadherin is cell specific and is strictly located at intercellular junctions of essentially all types of endothelium, both in vitro and in vivo ([@B10], [@B32]). Compared with the classical cadherins, the VE-cadherin amino acid sequence shows considerable differences (only 23% identity when compared with classical cadherins such as E-, N-, and placental (P)- cadherins) ([@B5], [@B6]).

N-cadherin is present in significant amounts in the endothelium, but surprisingly, it is not clustered at cell--cell junctions but remains diffuse on the cell membrane ([@B50]). This observation raises several questions about the mechanisms that regulate cadherin clustering at adherens junctions, and raises the possibility that a hierarchy does exist between cadherins, which regulates their functional behavior and signaling properties in a cell type--specific way.

In this report, we have investigated the mechanisms responsible for the differential membrane targeting of N- and VE-cadherin in the endothelium. We have found that VE-cadherin presents structural features that are responsible for its ability to exclude N-cadherin from cell--cell contacts. This dominant activity of VE-cadherin requires a short cytoplasmic region of the molecule, which is distinct from the previously described catenin-binding domain. Overall these observations suggest that cadherins might present different functional behaviors depending on the other cadherins expressed.

Materials and Methods {#MaterialsMethods}
=====================

All reagents were purchased from Sigma Chemical Co. (St. Louis, MO), unless indicated otherwise.

Antibodies
----------

Mouse mAbs against the extracellular domain of human VE-cadherin were: clone TEA 1.31 ([@B36]), clone BV9 (Hemeris, Grenoble, France) ([@B34], [@B36]), and clone BV6 (Bioline Diag., Torino, Italy) ([@B34]). Anti--human N-cadherin polyclonal antibodies against the whole molecule (1447; see reference [@B3]) or the cytoplasmic domain (R156; see reference [@B13]), and rabbit pan-cadherin antiserum against the conserved cytoplasmic sequence of all cadherins ([@B13]), were a gift from Dr. B. Geiger (Weizmann Institute, Rehovot, Israel). Mouse mAbs against the extracellular (8C11) or cytoplasmic domain (13A9) of human N-cadherin were donated by Dr. M. J. Wheelock (University of Toledo, Toledo, OH). Mouse mAbs against α-catenin, β-catenin, plakoglobin, and p120 were purchased from Transduction Laboratories (Lexington, KY). Fluorescein- and rhodamine-conjugated secondary antibodies (reactive with either mouse or rabbit IgG) were purchased from DAKOPATTS (Copenhagen, Denmark).

Goat anti--mouse IgG peroxidase--conjugated and protein A peroxidase--conjugated mAbs used for immunoblotting detection were from Pierce Chemical Co. (Rockford, IL,), and anti-phosphotyrosine HRP-conjugated mAb (RC20) was purchased from Transduction Laboratories.

Cells
-----

Endothelial cells (ECs) were harvested from human umbilical veins and cultured as previously described ([@B34]). CHO cells were routinely maintained on culture dishes in DME containing 10% FCS, and kept at 37°C in 5% CO~2~. Transfection of CHO cells with the full-length cDNA of human N-cadherin (CHO N), full-length cDNA of human VE-cadherin (CHO VE), and cytoplasmic truncated mutant cDNA of human VE-cadherin (CHO [t]{.smallcaps}VE) was previously described ([@B6], [@B41], [@B50]).

Sterile plastic ware was from Falcon (Becton Dickinson Labware, Lincoln Park, NJ) whereas both culture medium and serum were from GIBCO BRL (Paisley, Scotland).

Plasmids Construction
---------------------

Vectors containing the entire coding sequence of human VE-cadherin and N-cadherin have been described elsewhere ([@B6], [@B50]).

Cytoplasmic truncated mutant cDNA of human VE-cadherin ([t]{.smallcaps}VE) was generated by removing the coding region for the last 82 amino acids (aa) of the cytoplasmic domain as described previously ([@B41]).

VE^ec^N^cyt^ plasmid contains a chimera formed by the extracellular (ec) domain of VE-cadherin and the cytoplasmic (cyt) region of N-cadherin. The chimera was constructed by substitution of the VE-cadherin cytoplasmic coding region with the N-cadherin cytoplasmic coding region. The human VE-cadherin cDNA cloned into the pBlueScript vector ([@B6]) was digested with BglI/BamHI to remove the coding region from the 1,519-bp position to the end of the cDNA. To preserve the VE-cadherin coding sequence from the 1,519-bp to the 1,884-bp position (comprising the transmembrane domain), we generate a PCR fragment using 5′ and 3′ end primers matching at the appropriate positions and containing the BglI/ BamHI sites for cloning. The resultant plasmid, corresponding to the extracellular and transmembrane coding region of VE-cadherin cDNA, was called pVE^ec^. N-cadherin cytoplasmic domain coding sequence was generated by PCR using 5′ and 3′ end primers matching at the 2,701-bp and the 3,215-bp positions of N-cadherin cDNA (provided by Dr. B. Geiger, Weizmann Institute), and containing BamHI and XbaI sites, respectively. This fragment was further cloned into pVE^ec^ digested with BamHI/XbaI. The construct was subsequently checked by sequence analysis using the dideoxynucleotide chain termination method ([@B52]). This plasmid was then cut with KpnI and XbaI enzymes, and the coding sequence insert was subcloned into the pECE eukaryotic expression vector ([@B12]).

VE^ec^ [t]{.smallcaps}Ncyt chimera plasmid contains VE-cadherin extracellular and transmembrane coding sequence, and the cytoplasmic domain of N-cadherin lacking the last 77 aas. N-cadherin deleted cytoplasmic coding region was generated by PCR using the 5′ end primer containing the BamHI site described above and a 3′ end primer matching at the 2,944-bp position of N-cadherin cDNA, and containing stop codon sequences and an XbaI site for cloning. The fragment encodes 83 aas (Lys^746^--Pro^828^) of the cytoplasmic domain of N-cadherin lacking the COOH terminus Gly^829^--Asp^906^ (77 aas). This fragment was cloned into pVE^ec^ and subcloned into pECE as described above.

Transfection Procedure
----------------------

As expression control of chimeric molecules described in the previous section, CHO cells were transiently transfected with VE^ec^N^cyt^ and VE^ec^ [t]{.smallcaps}N^cyt^ plasmids using lipofectin reagent (GIBCO BRL). Cells were grown on glass coverslips, fixed 60 h after transfection, and then tested for chimera expression by immunofluorescence using anti--VE-cadherin mAb BV9 and anti--N-cadherin mAb 13A9, or polyclonal antibody R156.

For obtaining double transfectants, CHO N cells were stably transfected with VE-cadherin. Cells were plated at 3--4 × 10^6^ cells per 100-mm petri dish in DME with 10% FCS. 24 h later they were cotransfected by calcium phosphate precipitation method ([@B51]) using 20 μg of VE-cadherin into pECE vector and 2 μg of pBSpacΔp plasmid containing puromycin resistance (a gift from Dr. J. Ortin, Centro Nacional Biotecnología, Madrid, Spain; see reference [@B9]). After 24 h, the DNA-containing medium was replaced by fresh DME containing 10% FCS, and then cultured for another 48 h. Cells were then trypsinized, plated at a density of 10^6^ per 100-mm petri dish, and then cultured in selective medium with 7 μg/ml puromycin (Sigma Chemical Co.). Resistant colonies were isolated and tested for VE-cadherin expression by immunofluorescence analysis. Positive cells were subcloned and used for further studies.

A similar procedure was used to generate double transfectants CHO N/[t]{.smallcaps}VE (cotransfected with N and [t]{.smallcaps}VE-cadherins), CHO N/VE^ec^N^cyt^ (cotransfected with N-cadherin and VE^ec^N^cyt^ chimera), and CHO N/VE^ec^ [t]{.smallcaps}N^cyt^ (cotransfected with N-cadherin and VE^ec^ [t]{.smallcaps}N^cyt^-truncated chimera).

Immunohistochemistry
--------------------

Human tissue specimens of different origin were embedded in optimal cryopreserving tissue compound (Ames Miles Laboratories Inc., Naperville, IN), snap frozen in liquid nitrogen, and then stored at −80°C until processed. Cryostat sections were fixed in acetone for 10 min at 22°C and immunostained with the anti--VE-cadherin mAb TEA 1.31 or anti--N-cadherin polyclonal antibody 1447, using avidin--biotin--peroxidase complex technique. The specimens were then processed and analyzed as previously described ([@B33]).

Immunofluorescence Microscopy
-----------------------------

Cells were grown on glass coverslips (for EC coated with human plasma fibronectin, 7 μg/ml), rinsed in PBS, and fixed in methanol. The cells were then rinsed and incubated for 45 min at 37°C with the relevant primary antibodies (against VE- or N-cadherins), washed three times with PBS, and then incubated for 30 min with the fluorophore-conjugated secondary antibodies. For double staining, the coverslips were incubated with mouse anti--VE-cadherin (BV6 or BV9) in combination with rabbit anti--N-cadherin (polyclonal antibody 1447), followed by TRITC-coupled, goat anti-- mouse in combination with FITC-coupled, goat anti--rabbit. Coverslips were then mounted in Mowiol 4-88 (Calbiochem-Novabiochem Corp., La Jolla, CA) and examined with an Axiophot microscope (Carl Zeiss Inc., Thornwood, NY). Photographs were taken using T~max~ P3200 films.

For mixed culture studies (see Fig. [6](#F6){ref-type="fig"}), the two types of cells (CHO N and CHO N/VE) were seeded in small aggregates and let grow until confluency. After methanol fixation, glass coverslips were processed for double immunofluorescence as described above.

For double transfectants CHO N/[t]{.smallcaps}VE, CHO N/VE^ec^N^cyt^, and CHO N/VE^ec^ [t]{.smallcaps}N^cyt^, we use mAb 8C11 to recognize wild-type N-cadherin and mAbs BV6 or BV9 for truncated or chimera recognition.

Western Blot and Immunoprecipitation
------------------------------------

Whole-cell extracts were obtained from confluent cells as previously described ([@B33]). Different cell extracts were adjusted to 1× Laemmli sample buffer, and then fractionated under reducing conditions on 7.5% SDS polyacrylamide gels ([@B30]).

Western blot analysis of the various cell extracts were carried out essentially as described ([@B34]). After blocking with 10% nonfat milk, the proteins of interest were detected by specific monoclonal or polyclonal antibodies at the optimal dilution in blocking buffer. This was sequentially followed by incubation with goat anti--mouse IgG, peroxidase conjugated (1 μg/ml) for monoclonal antibodies, or protein A--peroxidase conjugated (1 μg/ml; Pierce Chemical Co.) for polyclonal antibodies and further development of peroxidase activity using an enhanced chemiluminescence kit (Amersham International, Little Chalfont, UK) and autoradiography.

Immunoprecipitation of the cadherin--catenin complex was performed using the nonionic, detergent-soluble fraction of cells, as previously reported ([@B34]) with some modifications. Briefly, cell extracts were precleared by incubation with uncoupled protein G or protein A--Sepharose CL-4B (Pharmacia LKB Biotechnology, Uppsala, Sweden) for 2 h. After centrifugation, the precleared supernatants were incubated with protein G or protein A--Sepharose coupled to mAb TEA 1.31 or polyclonal antibody 1447 against N-cadherin, during 1 h. Immunocomplexes were collected by centrifugation, washed five times in a buffer containing 0.5% Triton X-100, 0.1% BSA, 50 mM Tris-HCl, pH 7.4, 0.1 M NaCl, and 2 mM CaCl~2~, and then finally resuspended in 30 μl of 1× Laemmli sample buffer and boiled for 5 min. Samples were analyzed by electrophoresis, transferred to nitrocellulose membranes, and then immunoblotted sequentially with mAb TEA 1.31 to VE-cadherin, or polyclonal antibody 1447 to N-cadherin, and mAbs to α- and β-catenins, plakoglobin, and p120 as described above.

For tyrosine phosphorylation studies cells were incubated with culture medium containing 0.5% BSA, 0.1 mM Na~3~VO~4~, and 0.2 mM H~2~O~2~for 5 min before extraction. Cell extraction and immunoprecipitation was essentially as described above for preserving cadherin-associated proteins. Lysis and washing buffers were supplemented with 0.3 mM Na~3~VO~4~ and 0.6 mM H~2~O~2~. After immunoprecipitation with VE- or N-cadherin antibodies, tyrosine-phosphorylated proteins were identified using mAb RC20 coupled to HRP followed by enhanced chemiluminescence detection system as described before.

Cell Aggregation
----------------

Calcium-dependent cell aggregation was done under conditions that preserve VE-cadherin expression as previously described ([@B41]). For heterotypic aggregation assays CHON/VE cells were labeled with 2 μM 2′,5′-bis\[2-carboxyethyl\]-5\[and-6\] carboxyfluorescein acetoxymethylester (Molecular Probes, Eugene, OR) in HBSS for 10 min at 37°C and processed as described ([@B41]).

Cell Adhesion
-------------

EC, CHO, CHO VE, or CHO N cells were cultured in 96-well plates and grown for 5 d to confluency. CHO N cells were labeled with \[^125^I\]iododeoxyuridine (1 μCi/ml) overnight before the cell adhesion experiment. 12 h later, CHO N cells were detached as described above and resuspended at 3 × 10^5^ cells/ml in DME with 10% FCS. 100 μl of labeled cell suspension were added to different adherent cell monolayers (EC, CHO, CHO VE, and CHO N) and incubated for 1 h at 37°C. After three washes with PBS with 10% FCS, the cells were solubilized with 0.5 M NaOH--0.1% SDS and counted in a γ counter.

Results {#Results}
=======

VE- and N-Cadherin Expression in Human Endothelial Cells
--------------------------------------------------------

As mentioned above, the two major cadherins in ECs are N-cadherin, which is also expressed in other tissues, and VE-cadherin, which is cell specific. Western blot analysis of EC extracts showed that the level of protein expression was similar for both cadherins (Fig. [1](#F1){ref-type="fig"} *B*). These experiments were done using an mAb specific for VE-cadherin (BV9) (Fig. [1](#F1){ref-type="fig"} *B*, lane *VE*), and a polyclonal antibody specific for N-cadherin (1447) (Fig. [1](#F1){ref-type="fig"} *B*, lane *N*). Western blots performed with a pan-cadherin antibody able to recognize both molecules ([@B13]) resulted in the identification of two bands of similar intensity corresponding to the apparent molecular weights of N- and VE-cadherins (140 and 130 kD, respectively) (data not shown).

Despite otherwise comparable levels of expression, VE-cadherin was found at cell--cell junctions (Fig. [1](#F1){ref-type="fig"} *A*, *a)* whereas N-cadherin shows a diffuse localization over the whole cell surface (Fig.1 *A*, *b)*. This immunofluorescence pattern of distribution for VE- and N-cadherin was not specific for human umbilical vein EC, it was also observed in cultured ECs from cutaneous microcirculation (HMEC line; see reference [@B2]; data not shown).

In addition, VE- and N-cadherins distributed in vivo in a way similar to cultured ECs. Fig. [2](#F2){ref-type="fig"} shows a typical VE- (Fig. [2](#F2){ref-type="fig"}, *a* and *c*) and N-cadherin (Fig. [2](#F2){ref-type="fig"}, *b* and *d*) immunohistochemical localization in vessels of different origin. Whereas VE-cadherin was found concentrated in areas of endothelial cell--cell contacts, N-cadherin staining was always diffuse in the endothelium. As expected, in arteries N-cadherin was highly expressed in vascular smooth muscle cells (Fig. [2](#F2){ref-type="fig"} *b*).

Cotransfection of VE- and N-Cadherins in CHO Cells
--------------------------------------------------

We then investigated whether the capacity of VE-cadherin to inhibit N-cadherin clustering at intercellular junctions was a specific feature of EC or was instead due to the structural properties of the two cadherins. To this end we cotransfected VE- and N-cadherins in CHO cells.

By Western blot analysis we selected the clones that had a comparable expression of N- and VE-cadherins (Fig. [3](#F3){ref-type="fig"} *A*, lane *CHO N/VE*). Immunofluorescence analysis in these clones revealed that, like in ECs, only VE-cadherin was able to cluster at cell--cell contacts (Fig. [3](#F3){ref-type="fig"} *B*, *b)* whereas N-cadherin remained diffuse on the cell surface (Fig. [3](#F3){ref-type="fig"} *B*, *c)*. As expected, in the absence of VE-cadherin, N-cadherin was able to regularly concentrate at intercellular contacts (Fig. [3](#F3){ref-type="fig"} *B*, *a)*. These data indicate that the dominant effect of VE-cadherin on N-cadherin is not endothelial cell specific, but is more related to the molecular properties of the two cadherins.

The Presence of VE-Cadherin Does Not Affect N-Cadherin Adhesive Properties
--------------------------------------------------------------------------

We tested whether the inability of endothelial N-cadherin to cluster at junctions was because of the loss of its adhesive properties. To this purpose, we used a previously described cell adhesion assay ([@B6]). CHO cells transfected with N-cadherin (CHO N) were radioactively labeled and seeded on different cell monolayers in the presence or absence of calcium. As reported in Fig. [4](#F4){ref-type="fig"}, N-cadherin transfectants adhered more efficiently to ECs or to N-cadherin transfectants than to control or VE-cadherin transfectants. This binding could be prevented by addition of EGTA during the adhesion assay. These data show that diffuse N-cadherin on the EC surface is able to promote homo-philic binding to N-cadherin--expressing cells.

In addition, N-cadherin, in double-transfected CHO cells, retains homotypic aggregating properties. In mixed aggregation assays, CHO N/VE transfectants (fluorescently labeled, Fig. [5](#F5){ref-type="fig"} *b)* and N-cadherin transfectants (unlabeled, Fig. [5](#F5){ref-type="fig"} *a)* formed heterotypic aggregates containing approximately the same proportion of the two types of cells. The presence of EGTA during the aggregation assay abolished aggregation (data not shown). Mixing CHO N/VE with control transfectants only led to homotypic aggregates of CHO N/VE cells from which control transfectants were absent (data not shown).

To determine whether N-cadherin in double transfectants retains the capacity to localize at cell--cell contacts, mixed cultures of CHO N and CHO N/VE transfectants were examined. The cells were seeded in small aggregates and let grow until contacts between the two types of cell populations were established. As shown in Fig. [6](#F6){ref-type="fig"}, when CHO N/VE cells came in contact with CHO N cells, only N-cadherin localized at cell--cell contacts (Fig. [6](#F6){ref-type="fig"} *a,* see *arrows*). However, in the same cells, only VE-cadherin was found at the cell borders in the areas of contact with other N/VE double transfectants (Fig. [6](#F6){ref-type="fig"}, compare *a* and *b*, *right sides*). Thus in N/VE-cadherin cotransfectants, N-cadherin retains full capacity to cluster at junctions, but only when VE-cadherin is not engaged.

VE- and N-Cadherin Association to Catenins
------------------------------------------

We then investigated whether the differential distribution of VE- and N-cadherin at endothelial junctions could be due to a different association with catenins. Similar number of ECs were immunoprecipitated with antibodies specific for VE-cadherin (Fig. [7](#F7){ref-type="fig"} *A*, lane *VE*) or N-cadherin (Fig. [7](#F7){ref-type="fig"} *A*, lane *N*), and sequentially blotted with antibodies against each respective cadherin and with antibodies directed against α- and β-catenins and plakoglobin. The amount and the type of catenins associated was comparable in VE- and N-cadherin immunoprecipitates.

Similar data were obtained when cadherin association to catenins was studied in CHO N/VE transfectant cells (Fig. [7](#F7){ref-type="fig"} *B*). CHO cells express undetectable levels of plakoglobin so the analysis was restricted to α- and β-catenins. As shown in Fig. [7](#F7){ref-type="fig"} *B*, also in CHO N/VE cotransfectants both cadherins were associated with these catenins.

In addition, both cadherins immunoprecipitated the recently characterized armadillo protein p120 in both cell types (Fig. [7](#F7){ref-type="fig"} *C*). However, this molecule was less abundant in N-cadherin as compared with VE-cadherin immunoprecipitates.

Overall, these data indicate that the inability of N-cadherin to concentrate at junctions was not because of its defective association with catenins even if p120 bound somehow more efficiently to VE-cadherin.

Tyrosine Phosphorylation of VE- and N-Cadherins in EC and CHO N/VE Cotransfectants
----------------------------------------------------------------------------------

Phosphorylation of cadherins and catenins at tyrosine residues has been correlated with a decrease in the adhesive strength of the complex ([@B16], [@B27], [@B31], [@B37]). We analyzed the possibility that the inability of N-cadherin to cocluster with VE cadherin could be due to a higher degree of phosphorylation in the tyrosine of this cadherin, and/or of the associated catenins.

We immunoprecipitated both EC and CHO N/VE cell extracts with VE- and N-cadherin--specific antibodies. The immunoprecipitates were then blotted with an mAb against phosphotyrosine. Fig. [8](#F8){ref-type="fig"} shows that both in EC and in CHO N/VE transfectants, VE-cadherin presents a high degree of phosphorylation whereas N-cadherin was barely detectable with phosphotyrosine antibodies. In addition, the bands corresponding to the molecular weight of β-catenin and plakoglobin (in ECs) were also more phosphorylated in VE-cadherin than in N-cadherin immunoprecipitates (Fig. [8](#F8){ref-type="fig"}, lane *VE* compared with lane *N*). These data confute the hypothesis that the inability of N-cadherin to codistribute at junctions was because of a higher degree of tyrosine phosphorylation of this protein compared with VE-cadherin.

Analysis of the Molecular Domains Responsible for VE-Cadherin Dominant Activity
-------------------------------------------------------------------------------

To characterize the structural requirement for VE-cadherin competition with N-cadherin, we first constructed a chimera formed by the VE-cadherin extracellular domain and the N-cadherin cytoplasmic domain (VE^ec^N^cyt^) (see Materials and Methods; and Fig. [9](#F9){ref-type="fig"} *A*). The chimera was cotransfected with N-cadherin in CHO cells (CHO N/VE^ec^N^cyt^ cells). In all the experiments transfectant clones expressing comparable amounts of N-cadherin and chimeric construct were selected by Western blot and flow cytometry analysis (data not shown). Fig. [9](#F9){ref-type="fig"} *B* (*a* and *b)* shows the immunofluorescence staining of CHO N/VE^ec^N^cyt^ cotransfectants. Both molecules could colocalize at cell-- cell junctions indicating that the extracellular region of VE-cadherin is not sufficient for the dominant activity of VE-cadherin on N-cadherin.

To investigate which part of the cytoplasmic domain is required for this activity, we cotransfected N-cadherin and a truncated mutant of VE-cadherin lacking the last 82 aas of the cytoplasmic tail (Fig. [9](#F9){ref-type="fig"} *A*, *[t]{.smallcaps}VE*). The deleted region includes the catenin-binding domain and the mutant lacks the capacity to coimmunoprecipitate with α- and β-catenins ([@B41]).

[t]{.smallcaps}VE cotransfected with N-cadherin in CHO cells (CHO N/[t]{.smallcaps}VE) was able to exclude N-cadherin from intercellular contacts (Fig. [9](#F9){ref-type="fig"} *B*, *c* and *d*) in a way comparable to the wild type VE-cadherin (see Fig. [3](#F3){ref-type="fig"} *B*). This effect was specific since when the VE-cadherin--truncated cytoplasmic tail was substituted with the homologous region of N-cadherin (VE^ec^ [t]{.smallcaps}N^cyt^; Fig. [9](#F9){ref-type="fig"} *B*, *e*), the chimeric construct was unable to exclude N-cadherin from junctions (Fig. [9](#F9){ref-type="fig"} *B*, *f*).

These data indicate that the short Arg^621^--Pro^702^ tail associated with the VE-cadherin extracellular region is required and sufficient for VE-cadherin dominant activity. These data support the concept that the catenin-binding domain of VE-cadherin is not responsible for its dominant activity.

Discussion {#Discussion}
==========

In a previous paper, Salomon et al. ([@B50]) reported that in the endothelium, N-cadherin is not clustered at intercellular junctions but remains diffusely distributed over the whole cell membrane. The authors suggested that the association of cadherins with adherens junctions is selectively regulated at a posttranscriptional level. In this paper we have extended these observations showing that the lack of junctional distribution of N-cadherin is because of competition with VE-cadherin. This effect is not cell type specific, but is related to the structural characteristics of VE-cadherin since when CHO cells were transfected with both N- and VE-cadherin, only the second could be found at intercellular contacts. This dominant activity of VE-cadherin did not seem to be related to an impairment of N-cadherin adhesive properties because N-cadherin could still promote homotypic binding and aggregation with other N-cadherin--expressing cells. In addition, when cells cotransfected with both cadherins were in contact with cells expressing only N-cadherin, only this cadherin was found at junctions. This indicates that when the clustering of VE-cadherin cannot occur for lack of homotypic interaction, N-cadherin retains full capacity to localize at cell-- cell contacts. This excludes the possibility that, in double transfectants, N-cadherin is expressed in an inactive state.

Previous studies on classic cadherins have shown that these molecules need interaction with catenins and the actin cytoskeleton to promote homotypic cell--cell adhesion ([@B20], [@B39], [@B40], [@B42], [@B43]). We hypothesized that the dominant effect of VE-cadherin could be due to a preferential binding to catenins, which in this way would be less available for N-cadherin. However, immunoprecipitation studies showed that VE- and N-cadherins could associate to comparable amounts of α- and β-catenins and plakoglobin in ECs, and therefore the interaction with these catenins does not play a major role in their competition for junctional localization. This point is further proven by the observation that a truncated VE-cadherin mutant, lacking the previously characterized catenin-binding domain ([@B41]) was still able to exclude N-cadherin from junctions (see below). This mutant is fully soluble in detergent solution ([@B41]), strongly suggesting that also the binding to actin cytoskeleton is not required to VE-cadherin to exclude N-cadherin from intercellular contacts.

We further reasoned that the extracellular domain of VE-cadherin could be the determinant factor for its preferential clustering. Homotypic aggregation and zippering capacity ([@B15]) of VE-cadherin would be so tight to exclude other cadherins. This hypothesis was however confuted by the fact that a chimera carrying VE-cadherin extracellular and N-cadherin intracellular domains was unable to inhibit N-cadherin coclustering.

In contrast, the fact that the truncated VE-cadherin mutant, which retains the full extracellular domain and a cytoplasmic tail of Arg^621^--Pro^702^ is able to exclude N-cadherin from junctions indicates that this short cytoplasmic sequence is required for the dominant activity of VE-cadherin. This domain has a low homology with the corresponding region of classic cadherins ([@B5], [@B6]). We have previously shown ([@B41]) that truncated VE-cadherin behaves in a different way from classic cadherins since it retains adhesive properties and clusters at junctions even in absence of the catenin-binding domain. The cytoplasmic region Arg^621^--Pro^702^ may therefore express specific functional features and bind cytoskeletal protein(s) able to preferentially drive VE-cadherin at cell--cell junctions. Cadherin-based adhesion has been shown to be regulated by members of the membrane cytoskeleton such as ezrin, radixin, and moesin ([@B56]--[@B58]). However, truncated VE-cadherin, which is able to exclude N-cadherin from junctions, is absent in the detergent-insoluble fraction of cell extracts ([@B41]) where these proteins are concentrated. In addition, immunofluorescence analysis of VE- and N-cadherin transfectants did not reveal codistribution of cadherins and ZO-1 at junctions (unpublished data), strongly suggesting that this protein is not required for the clustering of these particular cadherins.

Interestingly, VE-cadherin immunoprecipitates contain higher amounts of p120 as compared with N-cadherin (see Fig. [7](#F7){ref-type="fig"} *C*). We have previously found that the truncated VE-cadherin mutant can coimmunoprecipitate with p120 ([@B31]). From these observations it is tempting to speculate that p120 may contribute to the preferential localization at junctions of both wild-type and truncated VE-cadherin, but direct evidence for this is still lacking.

VE-cadherin presents a much higher phosphorylation at tyrosine resides than N-cadherin. Indeed, tyrosine phosphorylation of VE-cadherin has been associated to higher affinity for p120 ([@B31]). Other cytoplasmic molecules have been found to associate to cadherins only or preferentially when they are in a phosphorylated state. In a recent report the molecular adaptor shc, known to participate in the ras signaling pathway, was found to bind to cadherin cytoplasmic tail but only when it was phosphorylated in tyrosine ([@B62]). The different degree of phosphorylation of N- and VE-cadherin in EC might reflect, in general, a different avidity in linking cytoskeletal/signaling molecules which might in turn contribute to the preferential clustering of VE-cadherin at junctions.

Other mechanisms may be considered. For instance cotransfection of N- and truncated (T)-cadherin lead to a different localization of these proteins in MDCK cells ([@B29]). N-cadherin was distributed basolaterally whereas T-cadherin was present on the apical surface. This differential distribution was related to the presence of basolateral and apical targeting signals in N- and T-cadherins, respectively. Interestingly, in our systems, which include polarized cells such as endothelia, N-cadherin basolateral targeting cannot occur if VE-cadherin is coexpressed, suggesting that in these cells competition between cadherins at junctions may play a more relevant role in their reciprocal distribution.

Whatever the mechanism of N-cadherin exclusion from junctions, these observations raise the question of its biological significance in the endothelium. As previously shown for other cadherins ([@B15]), junctional localization is not necessary for cadherin adhesive function. Indeed diffuse N-cadherin can still bind to N-cadherin--expressing cells. Smooth muscle cells of the vascular media as well as pericytes can express N-cadherin (14; and our unpublished observations). These cells enter in close contact with the endothelium and play a role in the morphogenesis of the vasculature in the embryo ([@B48]). N-cadherin may contribute to this interaction and indeed it was found that vascular smooth muscle cells can adhere to cultured endothelial cells in an N-cadherin dependent way in vitro ([@B14]). Animals lacking N-cadherin present a defective yolk sac vasculature, which might explain their early developmental arrest ([@B46]). However, whether this is because of a defective interaction of developing endothelial cells with the surrounding tissues is still unknown.

In a more general sense, VE-cadherin/N-cadherin competition might be a regulatory mechanism for modulating cadherin function and signaling in the same cell. Islam et al. ([@B24]) found that N-cadherin and E-cadherin are inversely related to one another in different squamous epithelial cells. High expression of N-cadherin and low levels of E-cadherin was a characteristic of an invasive phenotype. These authors hypothesized that the difference in phenotype was due to a difference in signaling capabilities of the individual cadherins rather than to their physical ability to mediate adhesion.

Other groups showed that cadherins and catenins can play a role in linking surface receptors ([@B11], [@B21], [@B25], [@B61]) and gene expression ([@B4], [@B7], [@B38]). For instance, E-cadherin--transfected E-cadherin−/− ES cells could only differentiate to epithelia, whereas transfection with N-cadherin formed neuroepithelium and cartilage ([@B35]). VE-cadherin can direct vascular morphogenesis ([@B10], [@B59]). We speculate that its selective localization at junctions and the capacity to exclude N-cadherin might prevent undesired signaling from N-cadherin during the formation of vascular structures and in contrast help endothelial interaction with the neighboring tissues.

In conclusion, this paper introduces the new concept that cadherin localization at cell--cell junctions can be affected by other coexpressed cadherins. This suggests that cadherin function might be regulated in a cell type--specific way and as a function of the pattern of cadherins expressed.
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![N- and VE-cadherin distribution in mixed cultures of CHO N and CHO N/VE. CHO N and double-transfected CHO N/VE cells were seeded separately in small aggregates and cocultured on glass coverslips. Cells were grown to confluence, fixed, and then double immunostained with antibodies against VE- and N-cadherins. N-cadherin expressed by CHO N/VE cells can localize at cell junctions when there is homophilic interaction with CHO N cells (*arrows*). However, in the same cells, only VE-cadherin clusters at junctions when CHO N/VE are in contact with other CHON/VE cells (*arrowheads*). Bar, 30 μm.](JCB15157.f6){#F6}

###### 

(*A*) Immunofluorescence staining of VE-cadherin (*a*) and N-cadherin (*b*) in cultured endothelium. VE-cadherin is located at cell--cell contacts whereas N-cadherin shows a diffuse localization. (*B*) Expression of VE- and N-cadherins by Western immunoblot. Cell lysates from the same number of cells were loaded in each lane, separated by SDS-PAGE, blotted to nitrocellulose membranes, and then immunodetected with antibodies specific for VE- or N-cadherins. Molecular weight markers are indicated on the right. Bar, 30 μm.
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![Immunohistological localization of VE- (*a* and *c)* and N-cadherins (*b* and *d)* in an artery and a vein from human lymph node tissue sections. VE-cadherin is localized at cell--cell contacts (*arrowheads*) whereas N-cadherin staining was always diffuse in endothelial cells. Note the positive staining of arterial smooth muscle cells (*arrow*). Bar, 50 μm.](JCB15157.f2){#F2}

###### 

Characterization of CHO cells cotransfected with N- and VE-cadherin. (*A*) Western blot analysis of cadherin expression in CHO cells transfected either with N-cadherin alone (*CHO N*) or with both N- and VE-cadherins (*CHO N/VE*). Molecular weight markers are indicated on the left. Clones expressing comparable levels of the two proteins were selected for immunofluorescence analysis. (*B*) Immunofluorescence staining of CHO cells transfected either with N-cadherin alone (*a*, *CHO N*) or with both N- and VE-cadherin (*CHO N/VE*). In *b* and *c*, the same field of CHO N/VE cells has been stained with VE- (*b*) and N-cadherin--specific (*c*) antibodies. N-cadherin goes to cell--cell contact in N-cadherin--transfected cells but coexpression with VE-cadherin (*CHO N/VE*) excludes N-cadherin from cell junctions. Bar, 30 μm.
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![Adhesion of CHO N-cadherin transfectants to different cell monolayers. CHO cells transfected with N-cadherin (CHO N) were labeled with \[^125^I\]iododeoxyuridine and the same number of cells were seeded over different cell monolayers: endothelial cells (*EC*), CHO control cells (*CHO*), CHO cells transfected with VE-cadherin (*VE*), and CHO cells transfected with N-cadherin (*N*). The experiments were done in the presence (*Ca^2^* ^+^) or absence (*EGTA*) of calcium. CHO N cells adhered only to endothelial cells and CHO N cell monolayers in a significant way. The absence of calcium abolished this effect. Data are mean ± SD of five replicates from a typical experiments out of three performed.](JCB15157.f4){#F4}

![Heterotypic aggregation between CHO N single transfectants and CHO N/VE double transfectants. CHO N/VE cells were labeled with a fluorescent probe and allowed to aggregate with unlabeled CHO N cells in suspension in the presence of calcium. The figure shows a typical cell aggregate (*a*) formed by ∼50% by CHO N/VE (*fluorescent*, *b*) and by CHO N cells (*unlabeled*, *a*). Bar, 60 μm.](JCB15157.f5){#F5}

![Catenin and p120 association to cadherins in ECs and CHO N/VE cells. (*A*) Equivalent samples of VE- or N-cadherin immunocomplexes from EC were immunoblotted with antibodies against VE- or N-cadherins, α-catenin, β-catenin, and plakoglobin. (*B*) Equivalent samples of VE- or N-cadherin immunocomplexes from CHO N/VE cotransfected cells were immunoblotted with antibodies against VE- or N-cadherins, α-catenin, and β-catenin. (*C*) Equivalent samples of VE- or N-cadherin immunocomplexes from ECs or CHO N/VE cells were immunoblotted with an antibody against p120. Molecular weight markers are indicated on the right. Comparable amounts of α- and β-catenins and plakoglobin were associated to VE- and N-cadherins. Higher quantities of p120 were found in VE-cadherin in comparison to N-cadherin complex.](JCB15157.f7){#F7}

![Tyrosine phosphorylation analysis of cadherin--catenin complex in ECs and CHO N/VE cotransfected cells. Similar number of cells were immunoprecipitated with VE- or N-cadherin antibodies and blotted with an antibody against phosphotyrosine. The bands corresponding to the molecular weight of cadherin, β-catenin, and plakoglobin are indicated on the left. VE-cadherin phosphorylation level is much higher than that of N-cadherin. Molecular weight markers are indicated on the right.](JCB15157.f8){#F8}

![Effect of VE-cadherin mutants and chimeric constructs on N-cadherin clustering at junctions. (*A*) Schematic representation of the different molecules used for cotransfection: *VE^ec^N^cyt^*, a chimeric protein formed by the extracellular region of VE-cadherin and the cytoplasmic domain of N-cadherin; *[t]{.smallcaps}VE*, a truncated form of VE-cadherin lacking the last 82 aas of the COOH terminal end; and *VE^ec^[t]{.smallcaps}N^cyt^*, a chimeric protein formed by the extracellular region of VE-cadherin and a truncated N-cadherin cytoplasmic domain lacking the last 77 aas. (*B*) Immunofluorescence analysis of typical double-transfected clones. Cells were stained with antibodies directed to the extracellular domain of VE cadherin (BV9 mAb; *a*, *c*, and *e*) or N-cadherin (8C11mAb; *b*, *d*, and *f)*. The clones were selected for immunofluorescence studies on the basis of their capacity to express comparable amount of N-cadherin and mutant VE-cadherin constructs by Western blot analysis. In cells cotransfected with VE^ec^N^cyt^ (*a*), N-cadherin could cluster at intercellular contacts (*b*). In contrast, when the cells were cotransfected with the [t]{.smallcaps}VE mutant (*c*), N-cadherin was excluded from junctions (*d*) and this effect was specific because the cells cotransfected with VE^ec^ [t]{.smallcaps}N^cyt^ (*e*) mutant shows N-cadherin localization at cell--cell contacts (*f*). Bar, 30 μm.](JCB15157.f9){#F9}
